Many disorders present with characteristic abnormalities of the craniofacial complex. Precise descriptions of how and when these abnormalities emerge and change during childhood and adolescence can inform our understanding of their underlying pathology and facilitate diagnosis from craniofacial shape. In this paper we develop a framework for analysing how anatomical differences between populations emerge and change over time, and for binary group classification that adapts to the age of each participant. As a proxy for a disease-control comparison we use a database of 3D photographs of normally developing boys and girls to examine emerging sex-differences. Essentially we define 3D craniofacial 'growth curves' for each sex. Differences in the forehead, upper lip, chin and nose emerge primarily from different growth rates between the groups, whereas differences in the buccal region involve different growth directions. Differences in the forehead, buccal region and chin are evident before puberty, challenging the view that sex differences result from pubertal hormone levels. Classification accuracy was best for older children. This paper represents a significant methodological advance for the study of facial differences between growing populations and comprehensively describes developing craniofacial sex differences.
Sample. The sample consisted of 452 boys and 442 girls (range: 0.05-18.60 years old). Participants were included if the parent, when asked on the consent form, did not report that the child had a disorder that was likely to affect craniofacial growth. We assume parents would have reported any disorder requiring major craniofacial surgery. However, problems requiring more minor interventions, like braces, may not have been reported. These may be common among the adolescents in this study. Participants were only included if their self-reported ethnicity was Australian, European or North American. Frequency counts for each age are shown in Fig. 1 .
Participants were recruited through flyers distributed around the RCH and by advertisement on the RCH's Facebook page. Participants were often visitors to patients or patients for issues not affecting craniofacial growth. Participants were also recruited during visits to primary and secondary schools in the greater Melbourne area.
Image acquisition.
A 3D photograph of the entire head, including the face, ears and neurocranium, was taken of each participant using either the 3dMD 7-pod or mobile 5-pod system (http://www.3dmd.com/). Images were taken either at the RCH or at nearby primary and secondary schools. A tight-fitting stocking, placed over each participant's neurocranium pressed the hair tightly, and as evenly as possible, to the scalp, allowing the camera system to record it. This is the best method available for controlling the effect of hair on the image, however the actual imaged shape of the neurocranium will still partly reflect the thickness and shape of the compressed hair. Findings on the neurocranium should be treated with some caution. Image measurement. The 3D surface in each image was sampled at 28,861 points, by gradually warping a generic template head into the shape of each image 2, 3 . The point co-ordinates of this warped head then represent the shape of head in the 3D photograph. Some younger children had their mouths partially open, and these were corrected using the approach described by Matthews et al. 15 . We also recorded the physical size of each head as the mean distance of all points on the head from their centroid. All heads were made symmetrical by creating the mean of the original image and its reflected copy, so as to focus our analysis on the symmetric component of shape variation 16 . All heads were scaled to unit centroid size and their rotation and location were standardised using generalised Procrustes analysis (GPA) with a robust Procrustes transformation 17 .
Modelling growth trajectories. Further details of the implementation and mathematics are reported in
Supplementary Text S1. Briefly, after alignment by GPA, a point-configuration can be interpreted as a location in a shape or face space where each axis of the space corresponds to a point co-ordinate. Such a space is shown schematically in Fig. 2 .
Modelling growth trajectories is like charting a curve through this shape space (see Fig. 2 and Supplementary Movie S1). We model growth trajectories of shape and size for boys and girls using four separate kernel regressions. Kernel regression 13, 14 models the non-linear relationship between predictor (in this case age) and response variable(s), without assuming that the relationship follows any particular mathematical function. To describe the expected value (expected head shape or size) of either group at any target age, a, we use a 'kernel' of observations from the group that are most similar in age to a. The kernel does not have hard boundaries, but rather the influence of each observation is weighted so as to smoothly decline with increasing distance from the target age. The expected value for each age was predicted using a weighted linear partial least-squares regression model of the response variable(s) onto age 18, 19 . This regression model also estimates growth rate and growth direction at a. In the regression of shape, it is a vector of regression coefficients for all point-coordinates and describes the predicted change in the head at that age, essentially estimating a 3D growth vector at each point on the head. The width of the kernel was tuned to avoid over-and under-fitting using a repeated grid search (see ref. 20 and Supplementary Text S1). The regressions of size used a kernel width of 0.75 years, the regressions of shape used a kernel width of 2.75 years. Cases within one kernel width of a have the most influence, cases more than two kernel widths from a have close to zero influence.
Figure 2.
Kernel regression and classification in shape space. In both figures the axes are the first and second principal components, which are two orthogonal directions through the shape space that explain the most and second-most variance. The aspects of facial variability the axes represent are illustrated by the large grey faces. The data points show simulated data. In a) each individual (indicated by the markers) can be thought of as a location in the space that codes their shape. Kernel regression (illustrated by the curved lines) chart a curve through this space that describes how shape changes as a function of age (indicated by marker colour). Locations on these lines correspond to expected 'typical' heads for each age, some of which are superimposed onto the line. b) illustrates calculating the score for classification. This is equivalent to interpolating heads between and beyond the two age appropriate expected heads (illustrated by the heads on the dotted line), then finding the one most similar to the test case.
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We summarise the overall magnitude of sexual dimorphism in shape using the Procrustes distance 21 between expected heads at each age. Its significance is determined against null distributions calculated by permuting the group (sex) labels, re-fitting the regressions with the same kernel width, and recomputing the Procrustes distances 10 000 times. The overall growth rate within each group at each age was measured as the mean length of the estimated growth vectors, over all points on the head, at that age. We visualise the differences between expected heads and growth vectors at each point on the head for each age using colour-coded heads.
As the proportion of cases either below or above the target age approaches zero (such as at the edges of the sampled ages), the local and overall kernel regression becomes only an extrapolation. Therefore, although our sample ranges from 0.05 years to 18.60 years, we only evaluate the model between 1.12 and sixteen years old. These limits were defined so that the ratio of the sum of weights of cases older than a to the sum of weights of cases younger than a, or its inverse, never drops below 0.4. This threshold was chosen by trial and error so as to exclude results that were clearly artefactual. For example, beyond age sixteen we observed an increase in estimated growth rate in both groups, which is biologically implausible.
Classification from shape. In order to classify each participant as either 'boy' or 'girl' we produce a score that reflects how masculine or feminine their head is, where the definition of masculine-feminine adapts to their age. For each participant, we take their age (a), evaluate the expected heads for that age on both growth trajectories and calculate the participant's 'projection' onto the direction between the expected heads. This is illustrated in Fig. 2 and is equivalent to interpolating heads in between and beyond the two expected heads and then finding the most similar one to the participant. This score is then normalised according to half of the Procrustes distance between the expected heads. The result is that a score of minus one means that the observation is most similar to the female expected head and a score of positive one means it is most similar to the male expected head. Values beyond one and minus one indicate the head is more masculine or feminine than average respectively. Values close to zero indicate an androgynous head.
We assessed the performance of this classifier using repeated k-fold cross-validation. For 100 repetitions we split the sample into ten 'folds' . These folds were constructed so that the composition of males and females of each age was proportional to the composition of the whole sample. For each head in each of the ten folds we computed their score as above, defining the expected faces using the remaining nine folds. The results were then binned into four age brackets (less than five, five to ten, ten to fifteen and over fifteen), to assess if the classifier performs differently for different age brackets. Classifier performance for each fold was measured by the area under the receiver operator characteristic curve (AUC) and the correct classification rate, using a threshold of zero. Means and confidence intervals of these values were calculated over all 1000 folds. To visualise the overlap between the groups we produced histograms of participant's mean scores over all 100
repetitions.
An open-source implementation of the automatic image measurement algorithm is available at https://github. com/TheWebMonks/meshmonk. All subsequent analyses were implemented in Python by the lead author. 3D visualisations were produced using Mayavi (http://docs.enthought.com/mayavi/mayavi/).
Data availability.
As images of heads are potentially identifiable and children are a vulnerable population, images were collected without consent for broad data sharing. Therefore the raw images cannot be made publicly available online. Requests for access can be directed to AP (tony.penington@rch.org.au), and will be subject to approval by the project steering committee and the RCH ethics committee.
Each participant's head shape, coded non-identifiably as principal component projections, head size, necessary participant metadata and Python code for the analyses are available at https://github.com/harrymatthews50/ Modelling_Craniofacial_Growth_Trajectories.
Results
Overall size and shape differences. Figure 3a plots overall head size as a function of age. In general heads of girls are smaller than the heads of boys. The size of this difference is fairly constant and both groups change at a similar rate. This is up until age fourteen when the size of girls' heads plateaus but the size of boys' heads continues to increase, exaggerating the difference between the groups. Figure 3b compares growth rate between boys and girls. Similarly to size, their growth rates are similar up until about age fourteen, where the change in girls' heads slows down, but does not in boys' . The peaks in growth rate during adolescence are not different between the sexes, as might be expected from differences in pubertal timing. However, when the analysis is repeated including size and shape together (by omitting the scaling operation from the GPA) there are different peaks in growth rate, with girls' growth accelerating from approximately age eleven and boys' accelerating from approximately age twelve (Supplementary Figure S1 ). Figure 3c shows the overall magnitude of shape sexual dimorphism as a function of age. The size of this difference was significant at all ages (p < 0.05). Exact p-values are reported in Supplementary Table S1 . The magnitude of dimorphism declines up until about age three, then it increases in two phases between ages five and ten and between ages twelve and sixteen. The magnitude of dimorphism possibly continues to increase beyond age sixteen.
Dimorphic features. The first three columns of Fig. 4 illustrate the difference between girls and boys at some example ages. The first two show the expected heads for boys and girls. The third ('Shape Difference') shows the difference between them in the direction of the girls' surface normals (locally inward/outward). the supplement use the same colour scale, so that they are comparable). 'Morphs' that exaggerate the difference between boys and girls are in Supplementary Figure S5 .
The primary features that distinguish the two groups at sixteen years old are that in boys relative to girls: 1) the forehead slopes posteriorly, 2) the brow-ridge protrudes anteriorly, 3) the chin is positioned anteriorly and inferiorly, 4) the upper lip is positioned anteriorly and inferiorly, 5) the nose protrudes anteriorly and 6) the buccal region is flatter.
Differences in growth rate and direction in the emergence of dimorphice features. In general these differences in shape must result from differences between the growth patterns of the two groups. The growth patterns for each group are plotted in the final two columns of Fig. 4 . These indicate the predicted rate of change at each point in the inward/outward direction. Change along the lateral, vertical and depth axes is also available in Supplementary Figures S2-S4. Figure 5 (top row) compares the rate of change between boys and girls. All growth patterns and rate comparisons use the same colour scale. Figure 5 (bottom row) compares the direction of change between the two groups and is coloured according to the angle between growth vectors of each group at the same point on the head. These results are condensed into descriptions of how each dimorphic feature emerges below:
Forehead slopes posteriorly. The expected boys' forehead is retro-positioned relative to girls' at the earliest time (1.12 years). In younger children both foreheads protrude forward, but the boys' protrude less (see Supplementary Figure S5 ). In general the foreheads in both groups become more retro-positioned as they get older, but the boys' do so faster, until their forehead actually slopes posteriorly.
Brow ridge protrudes anteriorly. At ages twelve and fourteen the brow ridge of both groups become more prominent but the boys' do so faster, giving rise to differences in the brow ridge which are evident by age sixteen.
Chin is positioned anteriorly and inferiorly. At most ages the boys' chin grows faster than girls' and there is no obvious difference in the direction of growth vectors of the two groups on this region. These vectors have a strong anterior (Supplementary Figure S3 ) and inferior (Supplementary Figure S4) component. Thus the chins of both groups project anteriorly and inferiorly, but boys do so faster. This results in a difference in chin position by age eight.
Upper lip is positioned anteriorly and inferiorly. From age six the upper lip differences emerge like the chin differences. That is, by a difference in rate of change along anterior and inferior growth vectors. The difference is evident from age twelve.
Nose protrudes anteriorly. This difference is present up until age two and then disappears. The boys' nose starts to change more rapidly than the girls' at about age twelve, leading to this difference re-emerging by age fourteen. heads. Size is calculated as the mean distance of each point on the head from the centroid of all points in mm. Lines are the kernel regression trend-lines for each group. b) describes the change in the size of sexual dimorphism (Procrustes distance). c) compares the rate of change in shape between males and females. In all plots the filled regions indicate the 95% confidence intervals of the estimate. These were calculated by resampling with replacement and recomputing the estimates 10 000 times.
Buccal region flatter. While this difference is present at all ages it becomes more exaggerated between ages six and ten mostly due to a difference in growth rate (although on a small portion of the cheek there are also differences in growth direction). Points on the cheeks are displaced inwards for both groups, but boys are displaced faster. Between ages twelve to sixteen this difference continues to become exaggerated, but due to different growth direction of this region at this time. The points on the girls' cheeks move outward while those on the boys' cheeks move inward.
Additional features. At age 1.12 the anterior and posterior (not visible in the printed figure) neurocranium are compressed inwards while the lateral part projects more outwards (more laterally). This indicates a more brachycephalic head shape in boys than girls. Over time, the lateral portion of the neurocranium is displaced inwards (medially). This occurs faster for males than females, resulting in a reduction of the lateral projection of the neurocranium. This difference is totally absent by sixteen. Table 1 shows statistics of classifier performance. AUC of 0.5 indicates chance performance. Classification was not significantly better than chance for participants less than five years old but was in the 5-10 and 10-15 age brackets. Performance was near perfect in those over 15. Figure 6 plots the distributions of scores for each age bracket. The groups overlap almost completely in the bracket 0-5 and become more separated in the older brackets.
Classification from shape.

Discussion
Differences in head shape between groups are most frequently analysed by comparing simple measurements, or single average faces. However, understanding how these differences emerge and change can provide insights into the underlying biological and genetic mechanisms. In this study we introduce a framework for describing and analysing the emergence of shape differences between populations and apply the method to the question of how differences in craniofacial shape emerge between males and females. The combination of a large sample size, covering most of childhood and adolescence, and spatially-dense analysis is unique in the literature on craniofacial sexual dimorphism. We first discuss our results in this context, followed by considering the broader applications of the methodology and its relationship to existing approaches.
At sixteen we observe a protruding brow ridge and nose; a chin and upper lip that are positioned more anteriorly and inferiorly; and a flatter buccal region in boys relative to girls. These features have been consistently observed in adults 16, 22, 23 . Many soft-tissue studies exclude most of the forehead, focussing only on the facial shell but, in those that include it, it is generally found to be sloping backwards more in adult males than females 24, 25 . Given the proximity of frontal bone to the skin, findings on this area can be directly related to the hard tissue anatomy. Consistent with our results, hard tissue studies have observed increased volume, surface area and base area of the brow ridge 26, 27 and an increased forehead inclination 28 in adult male skulls, relative to females' . In our analysis, the brow ridge prominence develops independently of the superior portion of the forehead, indicating growth by isolated deposition on this region; not by deposition at cranial sutures which would shift the whole frontal bone anteriorly. Increased soft tissue thickness on the upper lip and chin has been documented in adults 19, 29 . Shape differences in these areas may represent differences in soft tissue depth, in combination with different positioning of the mandible and maxillary bones. The nose differs in both its cartilaginous parts and the bony nasal bridge. This is consistent with previous observations of skulls that revealed males have a more anterior projection of the most inferior point of the nasal bone and a larger anterior nasal aperture 30 . Differences in the buccal region probably mostly reflect differences in soft tissue, including the buccal fat pad and facial musculature, rather than the underlying hard-tissue. With regard to how these differences emerge: the retro-positioning of the forehead is present at age 1.12 and becomes more exaggerated primarily due to differences in growth rate along similar growth vectors between boys and girls. Although differences in the nose are also present at age 1.12 these disappear between age two and four. At about age twelve the growth rate of the nose for boys becomes faster than for girls, giving rise to the differences we see at sixteen. Differences in the chin and upper-lip emerge from differences in growth rate by ages eight and twelve respectively. Differences in the buccal region are present at all time points, but become more exaggerated over time. This occurs first through differences in growth rate and then, around puberty, through differences in growth direction. Overall, we observe that there are two phases in the emergence of sexual dimorphism. During the first, between ages five and ten, the anterior and inferior positioning of the chin in boys appears and differences in the buccal region and forehead continue to become exaggerated. The second is from about twelve onwards. During this period differences in the nose, brow ridge and upper-lip emerge and differences in the chin, buccal region and forehead continue to become exaggerated. Accompanying the increased differences between the groups we observe decreasing overlap in the distributions of male-female scores and better classification accuracy.
Traditionally it has been assumed that sexual dimorphism emerges primarily at puberty, resulting from an influx of sex-hormones 31, 32 . Contrary to this view, a few studies have reported sex-differences in facial measurements in pre-pubescent children [33] [34] [35] . Bulygina et al. 25 and Kesterke et al. 34 observed shape differences in children down to age 0.5 and three respectively. They were limited however in that they both used relatively sparse landmark configurations to represent the anatomy. Furthermore, Bulygina only analysed the shape described in 2d in a lateral cephalogram and only used a very small sample size. Previously our lab demonstrated retro-positioning of the forehead, flattening of the buccal region, a slightly more brachycephalic head shape and an enlarged nose in boys relative to girls at one year-old 15 . Our findings at age 1.12 replicate this study using a different sample. We also find that the differences in the buccal region and forehead are maintained and become more exaggerated, gradually developing into adult patterns of dimorphism, whereas the relative brachycephaly disappears entirely. The differences in the nose disappear, only to reappear during adolescence.
Our study adds to the growing body of literature demonstrating that sexual dimorphism is present very early in life. Our results show aspects of this early dimorphism continue to develop during the pre-pubescent period, suggesting that adult sexual dimorphism is not all attributable to sex hormones released at puberty. Neave et al. 36 argued that the ratio of testosterone to estrogen experienced in utero affects the underlying organisation of craniofacial structures, and that these differences are then activated at puberty. This is corroborated by evidence that masculinity of facial shape in adult males is correlated with this hormone ratio 37, 38 . The observed differences in the pre-pubescent period may be due to uterine hormone levels, activated prior to puberty, or they may represent sex-linked facial characteristics, not directly attributable to hormone levels.
The growth trajectory of a particular species or group may be adaptive, in an evolutionary sense, and be an object of natural selection 39 . This implies that differences between growth trajectories of males and females can inform our understanding of how natural selection, including sexual selection, has operated differently on the two groups. Although outside the scope of this paper we consider how our findings relate to three important anthropological hypotheses: 1) growth directions are the same and sexual dimorphism emerges by males developing faster over the same amount of time; 2) growth directions are the same and males and females develop at the same rate, but males do so for longer; 3) growth directions are not the same. In general, it is not possible to prove similarity of growth directions. However, our results indicate dimorphism of the nose, chin, forehead and brow-ridge are largely a product of different rates of change, not different directions. Differences in the buccal region result from differences in growth rate between six and ten and from different growth directions between twelve and sixteen.
This study represents an important methodological advance in the description of group level differences, and classification therefrom, in growing populations. Previous studies have used average faces based on samples of mixed ages, ignoring the fact that the differences may change over time [5] [6] [7] [8] [9] . Others have grouped data into age brackets and constructed mean heads for each age bracket 34 . Binning requires decisions about where to divide the data, which may affect the results. Furthermore, if the brackets are large, it is likely that changes occurring within the age bin will be missed. Hutton et al. 12 used a kernel regression model to define an expected head at any age, as the weighted mean of a local kernel of ages. Since it can be evaluated for any age the expectation is effectively continuous, unlike discrete age bins. They used a weighting system that emphasises those cases closest in age to the target age, maximising how well the expected head represents the target age. In this work, we extend their approach by using a weighted regression model, instead of the weighted mean, to define the expected head for each age. The regression also predicts change in each point co-ordinate, estimating a 3D growth vector for each point on the head. This allows pointwise comparison of growth rate and growth direction, facilitating a deeper understanding of how the differences between the populations emerge. It is also more robust to uneven sampling than the weighted mean (see ref. 40 and Supplementary Text S1).
We extend Hutton's approach further and apply it to binary classification. Traditional classification models (including linear discriminant analysis, Euclidean distance to centroids and support vector machines) attempt to discriminate groups based on a set of variables. In a binary classification scenario they fit a single surface through the space of these variables (e.g. shape space) that best divides two groups. These models can be applied to new cases, which may make them valuable diagnostic aids 5, 8, 41, 42 . Beyond simply diagnosing cases categorically, if the discriminating surface is a plane, the signed distance of an observation from it can be calculated easily and interpreted as a continuous measure of phenotype expression. This may identify subclinical cases of disorders that exhibit only a reduced form of the full phenotype. The classification method applied here produces a score describing where the case sits on the axis between age appropriate expected faces. This is related to traditional models in that this score is proportional to the signed distance from a discriminating plane orthogonal to this axis. In contrast to traditional approaches the location and orientation of this plane adapts to the age of the case being classified.
One important application may be in the study and assessment of foetal alcohol spectrum disorders (FASDs). FASDs are a spectrum of neurocognitive deficits observed in children exposed to alcohol in utero. The more severe manifestations are accompanied by specific facial anomalies including a shortened palpebral fissure, thin vermillion line, flat philtrum and reduced head circumference 43 . Recent studies have also observed subtle facial differences in alcohol exposed children not diagnosed with a FASD 6, 44 . The classic facial differences diminish in adolescence 45 . The time-course of the more subtle aspects is unknown, but could be investigated with our methodology. Given the emerging evidence for a spectrum of facial effects, a shape based facial phenotype score, like the one described here, may flag potential cases for further assessment that might otherwise be undetected.
Although for the current analysis we draw on a very large database of images, such large samples are unlikely to be available for every study. The described approach compensates for small sample size by increasing the width of the kernel of ages used to estimate each expected head. In Supplementary Text S1 we describe how to optimise this width for any dataset. Increasing the width of the window linearizes the growth trajectory; as the size of the window gets very large the model approaches being a single partial least-squares regression. While this model, being linear, would clearly be a simplification of growth, even in this worst-case scenario, it still improves on the common method of using the first principal component. Specifically the first principal component is simply the dimension of greatest variation within the sample. It is also linear, but is constructed without any reference to age. Therefore there is no guarantee in principle that it relates to growth. Our approach, in contrast, always takes age into account in defining the growth trajectories.
An important limitation in modelling growth from age is that individuals mature at different rates. Age, therefore, only approximates maturation. A further limitation is that we did not adjust for allometry, the association between centroid size and shape 46 . The heads of boys are bigger than girls' so the observed shape differences between them could reflect the effect of size on shape within the local age range, rather than the effect of sex. As centroid size is strongly correlated with age (data not shown), it is not appropriate to adjust for it in the current study. Doing so would essentially remove the effect of age on shape (growth), which is an important aspect of our analysis.
In this paper we describe an approach for analysing the emergence and change in craniofacial differences between two growing populations and for age-adaptive classification. We demonstrate the method by asking how the differences in head shape between boys and girls emerge. In doing so we comprehensively describe the emergence of craniofacial sexual dimorphism and add to the growing body of research indicating that there is sexual dimorphism long before puberty. Mostly the differences between the sexes emerge through boys growing at a faster rate than girls. In future the method can be used to chart changes in the distinctive facial appearances that characterise many disorders, including foetal alcohol spectrum disorders (FASDs). These changing descriptions can be used to better understand their underlying pathology and facilitate diagnosis from facial shape.
